System set-up The crystal structure of the C1C2 chimera -PDB code 3UG9 (1) -was used as a template to model the quaternary (dimeric) structure of the dark-adapted (closed) state of Charnnelrhodopsin-2 (ChR2). The wild type sequence of Chlamydomonas reinhardtii ChR2 was modeled onto the structure of C1C2 chimera using the Swiss-Model server (2). Given the high sequence identity between the chimera and wild type ChR2 (86%), the alignment did not present any difficulty. The protonation state of all residues were chosen based on the physiological pH, the local environment of each residue, and the FTIR experimental data when available. As such, the retinal Schiff base as well as the Asp, Glu, Lys and Arg residues were modeled in their ionic form, except for Asp156 and Glu90, which were protonated (3, 4). All histidine residues were modeled in their neutral state, with the proton at either the N ε or the N δ atom depending on their local environment. All crystallographic water molecules were kept, and the system was embedded in a pre-equilibrated 16:0/18:1c9-palmitoyloleyl phosphatidylcholine (POPC) lipid bilayer using the VMD 1.9.3 software (5). The system was solvated with TIP3P water molecules (6) and 100 mM of NaCl was used to model the experimental conditions. The final system contained a total of 111,403 atoms (9248 of which correspond to protein atoms). The system was simulated using periodic boundary conditions in a simulation box of 81.5 x 79.7 x 168.1 Å 3 after equilibration at constant pressure of 1 bar. The protein was modeled using the AMBER99SB all-atom force-field (7), with sidechain torsional angle corrections (8). The lipids were modeled with the GAFF-lipid force-field (9). The force-field parameters used to model the retinal Schiff base were developed ad hoc using a quantum mechanics/molecular mechanics (QM/MM) force-matching algorithm as explained below. The geometry of the final system was optimized by a series of energy minimization cycles using a conjugate gradient algorithm. First, only the lipids and the solvent were allowed to move, then the protein sidechains, and finally the whole system was free to relax. The optimized structure was used for the subsequent thermal equilibration and molecular dynamics (MD) simulations.
step of 2 fs. The Van-der-Waals and the electrostatic non-bonded potentials were switched off with a cutoff radius of 1.2 nm. Long-range electrostatic interactions were treated with the Particle-Mesh-Ewald approach. The thermalization dynamics were started at 2 K and the temperature was increased in steps of 2 K followed by 100 ps of MD simulation until the desired temperature of 300 K was reached. During the thermalization MDs, the pressure was kept at 1 bar using a Berendsen algorithm with an update time of 4 fs. After the thermal equilibration, an unbiased MD production run of ChR2 in the dark state D 470 was extended for 4 µs in the NPγT ensemble (constant surface tension). Constant pressure (1 atm) was achieved with a Langevin Piston barostat with a damping coefficient of 100 fs (11) . Constant temperature (300 K) was maintained with a Langevin thermostat with a damping coefficient of 5 ps -1 . All trajectories were analyzed with using VMD v. 1.9.3 (5) and our own scripts. The stability of the D 470 MD was controlled by measuring the root mean square deviation (RMSD) of the C α carbons of the helical segments of the protein, using the initial (optimized) structure of ChR2 as reference. The RMSD showed a typical fast growth and subsequent plateau at a comparably low value of ca. 1.1 Å (SI Fig. 3 ).
QM/MM force-matching force-field reparametrization To describe the retinal Schiff base moiety embedded in the protein environment, we developed a new set of classical force-field parameters following the QM/MM force-matching approach (12) . This approach requires a QM/MM MD trajectory that is used as reference, with a quantum region that includes the system that needs to be reparametrized. The forces and the electrostatic properties of the quantum region were extracted at uniform time intervals and used as reference in the subsequent fitting procedure. The original set of force-field parameters was iteratively modified so that the electrostatic properties and the nuclear forces of a putative identical classical simulation match those of the QM/MM simulation. The optimized set of force-field parameters can be used to run a classical MD simulation with the accuracy of a QM/MM treatment, within the natural classical limitations. 96 ps of QM/MM MD simulation were performed using the method developed by Laio et al. (13) , which combines Density Functional Theory (DFT)-based with a force-field MD method as implemented in the CPMD v3. 17 (15) and GROMOS96 (16) software. In this approach, the system is partitioned into a QM region, which included the retinal Schiff base truncated at the C β carbon (60 atoms). The QM/MM interface was modeled with a link-atom pseudopotential that saturates the quantum region (17) . The QM region was enclosed in a 26.5 x 14.8 x 17.5 Å supercell. The electronic wavefunction was expanded in Kohn-Sham orbitals using a plane wave basis set with a kinetic energy cutoff of 80 Ry. The BLYP functional in the generalized gradient-corrected approximation of DFT was used (18, 19) . Norm-conserving Troullier-Martins pseudopotentials were used for all elements (20) . Following the implementation by Laio et al. (13) , the QM-MM electrostatic interactions were treated with a fully Hamiltonian coupling scheme, with short range interactions explicitly taken into account for all atoms. An appropriately modified Coulomb interaction was used to ensure that none of the electronic density would unphysically escape from the QM to the MM regions. Electrostatic interactions with distant classical atoms were treated with a multipole expansion. Bonded and Van-der-Waals interactions between the QM and the MM regions were treated with the standard classical AMBER force field. Long-range MM electrostatic interactions were treated with the P3M implementation (21) using a 64 x 64 x 64 Å mesh. Following the Car-Parrinello approach (14) , the fictitious mass needed for the electronic degrees of freedom of the Lagrangian was set to 400 a.u., and the integration time step was set to 4 a.u. (0.96 fs). The QM/MM simulations were run in the NVT ensemble using a Nosé-Hoover chain of thermostats (22) (23) (24) to keep the system at 300 K. Four independent QM/MM simulations were run using, as initial structure, protein chains A and B of two snapshots from the equilibrium trajectory of the dark state (D 470 ) of ChR2. The geometry of the four systems were optimized under the QM/MM methodology using a simulated annealing algorithm, and thermalized to 300 K for 8.6 ps before starting the QM/MM production runs. A combined total of 61.4 ps of QM/MM MD were used to reparametrize the chromophore force field, taking one snapshot every 400 a.u. (38.4 fs) . In total, 1600 frames were used. The reference forces were calculated on the QM/MM trajectory with the electronic wavefunction minimized to a maximum gradient error of 10 -7 a.u. The partial atomic charges were calculated using a modified D-RESP scheme (25, 26) that takes also thermal effects into account (27) . The partial charges are shown in SI Fig. 1 . As explained in the manuscript, the charges near the QM/MM interface are affected by boundary effects, so only the charges starting at the N z atom (5 bonds away from the QM/MM boundary) were taken from the reparametrization. The complete set of force-field parameters is publicly available at our project website https://gitlab.mpcdf.mpg.de/MPIBP-Hummer/ChR2.
Retinal isomerization and modeling of the K (P 1 500 ) and M (P 2 390 ) intermediates.
Starting from twelve different conformations taken from the D 470 ensemble, the isomerization reaction was simulated using the torsion angle of the C13-C14 bond as collective variable, which was biased with the well-tempered metadynamics (28) method as implemented in plumed 2.0 (29) . This procedure yielded several 13-cis-15-anti retinal conformations that correspond to the channel opening isomer. To avoid a bicycle-pedal movement that leads to the 13-cis-15-syn conformation, rotation of the flanking torsion angles were prevented with a smoothed-wall potential. The 13-cis-15-syn conformation corresponds to a closed-channel conformation (30) . The metadynamics simulations were extended for 50-200 ns (accumulated simulation time of >3.8 µs) using the same simulation parameters described above. The bias was updated every 4 ps with a Gaussian-like potential of 0.15 rad width and 1.2 kJ/mol height (with a well-tempered metadynamics temperature factor of 8.0). One run in the P 1 500 /K-state was extended for 1.8
µs, keeping the restraints on the torsion angles. Seven snapshots from this ensemble were used to model the P 2 390 intermediate, by transferring the proton from the Schiff base to the proton acceptor residue D253.
Six out of seven MD simulations were extended for 1 µs and all restraints were released after 400 ns (see text).
K-state (P 1 500 ) QM/MM simulations Two snapshots of the K-state intermediate were submitted to Car-Parrinello QM/MM MD simulation to test the proton transfer reaction between the retinal Schiff base (RSB) and the proton acceptor Asp253. The QM/MM simulations were performed using the same simulation setup as described above, with the only difference that the QM region included not only the RSB but also Asp253, both truncated at the C α carbon. Therefore, there were a total of 70 atoms enclosed in a supercell of 24.9 x 15.3 x 17.5 Å.
The simulations were extended up to a total accumulated MD time of 56 ps. In one of the simulations we observed 6 spontaneous proton transfer events between the RSB and D253, but the reaction was always transient indicating that, in the reduced configurational space sampled, the most stable state is zwitterionic. In the other simulation we did not observe any transfer event due probably to an unfavorable initial orientation of the RSB-D253 H-bond. The QM/MM MD simulations indicate that the proton transfer is possible and occur with a small energy barrier, but further conclusions cannot be drawn given the limited configurational space sampled.
M-state (P 2 390 ) QM/MM simulations The use of the protonated Schiff base bonded parameters to simulate the M-state can introduce some inaccuracy in the fine structure of the retinal. A small difference in the bond length alternation of the chromophore moiety can have an effect on the absorption spectra. To assess the effect of the simplification, we performed QM/MM MD simulations of the M-state and compared the structural differences and the absorption spectra to those from the classical MD simulation. Four snapshots of the equilibrated M-state models (after 1 µs of classical MD simulation) were optimized and submitted to a total accumulated time of QM/MM MD simulation of >22 ps. The QM/MM MD simulations were performed following the same setup and simulation parameters as described for the dark state, but with the Schiff base and the D253 modelled in their neutral form. The QM region was composed of the retinal Schiff base truncated at the C α carbon with a monovalent pseudopotential, including 62 atoms. The first 1 ps of each independent QM/MM MD simulation was discarded as equilibration and the remaining (accumulated) ≈19 ps were used for structural and spectroscopic analysis. The structure of the QM/MM M-state retinal moiety is very similar compared to the classical MD simulation, with a root mean square deviation (RMSD) of the carbon-carbon bond distances within 0.02 Å. This difference is negligible in terms of difference in the structure of the retinal or the retinal-protein interactions, but it has a noticeable effect on the calculated absorption spectra. The QM/MM bond length alternation is 0.38 Å (0.08 Å increase compared to the force-field parameters developed for the dark state), improving the accuracy of the absorption spectra calculation by 25% (see text below and SI Fig.  10 ).
Absorption spectra calculations
The absorption spectra were calculated using the ZINDO/S (31) method as implemented in Gaussian09 (32) , which has been used extensively for retinal molecules on similar systems with thermal sampling (12, (33) (34) (35) (36) . To account for the conformational flexibility, the absorption spectra was calculated from an ensemble of conformations taken every 1 ns of MD simulation, except for the D 470 and the P 2 390 -state QM/MM simulations (one snapshot every 0.8 fs) and the classical simulation with the GAFF force field (one snapshot every 0.4 ns) because the total length of the simulations were significantly shorter. The absorption spectra of the M-state P 2 390 was calculated using snapshots every 1 ns from six independent trajectories after all constraints were released. The excitation energies and their corresponding oscillator strength weight of the nine lowest roots were calculated for a total of ≈14,000 structures to build all absorption spectra. Each structure included the chromophore moiety and all residues within 4 Å of it (i.e., 579 ± 25 atoms). The peptide bonds were saturated with hydrogen atoms when necessary. The spectral changes in each of the photocycle intermediates P 1 500 and P 2 390 were calculated as the difference between the spectra at the photo-intermediate and at the ground state. Therefore, we can directly compare with the experimental differential spectra (37) as shown in the main text Fig. 3 . To account for ~10-15 % errors in the calculated spectra, the experimental K-and the M-state difference spectra were shifted by 42 and 75 nm, respectively, and the intensities were scaled by 0.7 and 1.05 and shifted by 0.12 and 0.15. The large shift of 75 nm (16% relative error) difference between the experimental and the calculated P 2 390 -D 470 difference absorption spectra is reduced to 53 nm (12% relative error) when the snapshots from the QM/MM MD simulations (SI Fig. 10 ). This improvement is due to a better description of the bond length alternation of the M-state by the quantum mechanics description of the retinal (BLA QM/MM = 0.38). Further improvements are expected from higher-level QM models, based on the reported ~10 % underestimation of retinal absolute excitation energies as a result of a lowered BLA in DFT at the BLYP level (38) . The K-state/P 1 500 was calculated as the average over the 1.8 µs simulations (1800 snapshots). During the K-state/P 1 500 state trajectory, three of the retinal dihedral atoms (the C11-C12, the C13-C14 and the C15-N z ) were constrained. Therefore, the sampled flexibility of the retinal was limited, which can explain the difference of 10 nm between the experimental and the calculated difference spectra. Instead, the M-state/P 2 390 state was calculated as the average over the six independent trajectories, using only snapshots after the constraints were released. As such, the agreement between the calculated and the experimental differential spectra is significantly better.
Comparison to X-ray structure While the paper was under revision, the crystal structures of the dark (closed) state of the wild type and of the C128T slow mutant of Channelrhodopsin-2 were published (39) . As shown in SI Fig. 13 A, our ChR2 model and the X-ray structure agree very well overall, as expected from the close similarity between the C1C2 chimera and the X-ray structure (PDB codes 3ug9 and 6eid respectively).
The transmembrane helices, the loops connecting the helices, and the beta sheet structure between TM2 and TM3 display the same structure in the model and in experiment. The only significant difference is the length of TM1 and the TM1-TM2 loop, which were not resolved in the X-ray structure of the C1C2 chimera and were modeled by us using the Swiss-Model server. The predicted structure displayed a shorter TM1 and therefore a longer TM1-TM2 loop compared to the crystal structure (SI Fig. 13 ). This affects the structure of the intracellular gate. In the X-ray structure of ChR2, the intracellular gate is composed of residues Y70, E82, E83, H134, H265, and R268. In the X-ray structure of the C1C2 chimera, only residues Y109/Y70 ChR2 , E122/E83 ChR2 form the gate. In our model of ChR2, we obtained an intracellular gate very similar to the X-ray structure of ChR2, except for Y70, which displays a different orientation, and E82, which interacts with R147'. However, these differently orientated side chains do not seem to have a significant effect on the structure of the intracellular side of the channel pore. Importantly, we observed an early water influx into the large water intracellular cavity, in agreement with the extensive hydration of this cavity in the X-ray structure of ChR2. The role of the other structural water molecules is also well captured by our model. The water molecules resolved in the DC gate and in the retinal binding cavity (bridging the interactions between C128 and D156 and between W223 and S256; these water molecules correspond to waters w5 and w14 in the ChR2 X-ray crystal structure (39) , respectively) are also present and stable in our MD simulations (SI Fig. 5 A and B) . The former water molecule occupied its site spontaneously during the simulation. The water molecules observed in the dimeric interface of the ChR2 crystal, bridging the bridging the H-bond interactions of TM4 with TM2' and TM3', are also present in our simulations (SI Fig. 5C ).
In the X-ray structure and in our simulations, the retinal moiety displays an all-trans configuration with the Schiff base pointing towards the anionic form of E123, which is interacting with T127. The hydrophobic and steric interactions of the retinal with the rest of the residues in the active site (e.g., F226 and W223) are also in agreement with the experimental structure (SI Fig. 13 B) . The residues conforming the central gate display a very similar orientation except for residue E90, which in the X-ray structure is interacting with residues E123, K93 and D253 through a water molecule (w1 in reference (39)) whereas in our simulations it is interacting with N258 (as in the X-ray structure of the C1C2 chimera). The orientation of E90 in the X-ray structure of the dark state resembles the re-orientation of E90 towards E123 (and K93) that we observed in the early stages of the photocycle, right after the 13-trans to 13-cis isomerization of the retinal moiety (MS Fig. 2 ) and that remains stable during the MD simulations of the M-like intermediate.
The extracellular side of the channel presents a complex H-bond structure. The orientation and interactions displayed by residues M107, Q117, R120, Y121, W124, S245, and H249 is very similar to the X-ray structure. As in the experimental structure, the channel cavity in the extracellular side is also rapidly filled with water, but due to the fast dynamics of the individual water molecules, we could not assign a structural role.
Overall, the model of ChR2 built on the basis of the C1C2 crystal structure accurately captures the structure of ChR2, in particular around the retinal cofactor and in the cavities that ultimately form the channel. A notable exception is the orientation of E90. Interestingly, in our simulations, the interaction between E90 and E123 emerged only in simulations of an M-like intermediate. It will be interesting to see if this plasticity of E90 is seen also in structures of ChR2 captured in intermediate states. dark state, B) in the K-state after photo-isomerization, and C) in the M-state after RSB reprotonation (averaged over the six independent trajectories shown as cyan lines). The arrow indicates the direction of the Schiff base (up: cytosol). The red line represents a running average with a 10 ns window, while the shaded area shows the maximum and minimum values in the corresponding window. D) Example of the average water density in the z direction before and after formation of the water pore (brown and blue lines respectively). The channel was divided into 1-Å bins, and the average number of waters within each bin over 10 ns was used to estimate the length of the gap. The shaded brown area displays the gap in the central gate area before formation of the pore. 
SI References

SI Figures
SI Tables
